The transport of the plant hormone auxin has been under intense investigation since its identification 80 years ago. Studies have gradually refined our understanding of the importance of auxin transport in many aspects of plant signalling and development, and the focus has intensified in recent years towards the identification of the proteins involved in auxin transport and their functional mechanism. Within the past 18 months, the field has progressed rapidly, with confirmation that several distinct classes of proteins, previously dubbed as 'putative auxin permeases' or 'auxin transport facilitators', are bona fide transporters of IAA (indol-3-ylacetic acid). In this review we will appraise the recent transport data and highlight likely future research directions, including the characterization of auxiliary proteins necessary for the regulation of auxin transporters.
INTRODUCTION
The term 'auxin' is applied to a group of naturally occurring and synthetic indoles and related compounds, the most biologically abundant of which is IAA (indol-3-ylacetic acid), but which also includes indolebutyric acid, 4-chloroindol-3-ylacetic acid, phenylacetic acid, 1-NAA (naphth-1-ylacetic acid) and 2,4-D (2,4-dichlorophenoxyacetic acid), which are responsible for a diverse range of plant developmental processes [1] . Auxins are ubiquitous in plants and have a panoply of effects on plant development from the early stages of embryogenesis and influence vascular tissue differentiation, flowering and fruit development, root development, phototropism, gravitropism and senescence [2] .
The majority of auxin's effects are elicited intracellularly, with at least some of these ascribed to auxin being a signalling molecule capable of causing rapid up-regulation of the transcription of genes whose promoter regions contain auxin-responsive elements. A mechanism describing the effects of auxin on the transcription of these genes has recently been proposed [3, 4] . Briefly, the transcription of such genes is regulated by the balance of ARFs (auxin-response transcription factors) and a large family of auxininduced gene products (the so-called 'Aux/IAA' proteins) that act as repressors of ARF function. Protein complex formation between ARF and Aux/IAAs leads to gene silencing [5] . However, the direct binding of auxin to an F-box protein {TIR1 (transport inhibitor response 1) [6] } enables formation of a multi-protein SCF (Skp1/Cullin/F-box) complex with Aux/IAA protein.
The subsequent ubiquitination and proteasomal degradation of Aux/IAA frees the ARF, causing immediate transcription of auxin target genes [3, 4] . Interestingly, among these are the Aux/IAA transcriptional repressors themselves, so establishing feedback regulation of the auxin signal. Feedback regulation of auxin recurs at the level of transport (see below).
Auxin is synthesized predominantly from tryptophan (although there are also tryptophan-independent synthetic routes) in young, growing regions of plants such as new leaf primordia [7] . A significant amount of auxin may also be stored as conjugates with sugars or amino acids [2] . Newly synthesized auxin, or auxin enzymatically liberated from storage forms, travels through a combination of two processes: (i) a rapid (5-10 cm/h) nondirectional transport occurs in the vasculature that is augmented by (ii) polar auxin transport (5-10 mm/h), which establishes physiologically relevant auxin gradients [8] . Polar auxin transport, which is important in the early stage of seedling growth, appears to be superseded subsequently by phloem-based transport [9] . Within the shoot, polar auxin transport occurs in a 'reverse fountain' manner, with epidermal auxin streams directed towards the vascular tissues at leaf primordia [10, 11] . In the root, auxin undergoes polar transport in two directions. There is both transport from the base (ground level) to the root apex ('acropetal' direction) through protophloem cells and movement in the opposite ('basipetal') direction through the lateral root cap (Figure 1 ), the asymmetry of this movement being responsible for generating the auxin gradients, mediating the gravitropic response (as described in the Cholodny-Went hypothesis [12] [13] [14] ).
The requirement to establish and maintain auxin distributions between and within tissues, and the need to import auxin as a signalling molecule, infers the requirement for both auxinimport and auxin-export proteins. A chemiosmotic hypothesis exists [15] to describe polar auxin transport in plant cells. As a weak acid (pK a 4.8) a significant fraction (at least 15 %) of IAA will exist in the undissociated form (IAAH) at the pH Abbreviations used: AAAP, amino acid and auxin permease; ABC, ATP-binding cassette; AGR, from agravitropic; ARF, auxin-response transcription factor; AUX1, auxin permease; AVT, γ-aminobutyric acid/glycine vesicular transporter; AXR, auxin-resistant; 2,4-D, 2,4-dichlorophenoxyacetic acid; EIR, ethylene-insensitive root; ER, endoplasmic reticulum; EYFP, enhanced yellow fluorescent protein; GEF, guanine nucleotide-exchange factor; IAA, indol-3-ylacetic acid; IAAH, undissociated form of IAA; LAX, like AUX; MDR, multidrug resistance; MRP, multidrug-related protein; 1-NAA, naphth-1-ylacetic acid; NBD, nucleotide-binding domain; NPA, naphthylphthalamic acid; NPPB, 5-nitro-2-(3-phenylpropylamino)benzoic acid; PDR, pleiotropic drug resistance; PGP, P-glycoprotein; AtPGP, A. thaliana PGP; PIN, from pin-formed; TCDB, transporter classification database; TM, transmembrane; TMD, TM domain; TWD1, twisted dwarf 1.
1 To whom all correspondence should be addressed (email ian.kerr@nottingham.ac.uk). of the plant extracellular apoplastic space (∼ pH 5.5). As this uncharged IAAH is lipophilic, it would be expected to freely diffuse across the plasma membrane in the presence of a suitable concentration gradient, leading to the opinion that protein-driven auxin import may be of minor importance [16] . Notwithstanding this, early studies on auxin transport in plant cells in suspension culture revealed that the uptake rate was non-linear with respect to auxin concentration, suggesting that diffusion was not the only process. Furthermore, at a fixed external concentration of IAAH, there was a pH-dependence to auxin uptake, confirming the existence of a carrier-dependent contribution to the overall rate of import [15] . The relative contributions of diffusion and carrier-mediated import have recently been reviewed, leading the authors to conclude, on the basis of mathematical considerations and mutant studies, that the carrier-mediated uptake is the major contributor to polar auxin transport [14] . Once inside plant cells (pH 7-7.5), any uncharged IAAH will dissociate and exist as the anionic form, trapping auxin intracellularly. Therefore the existence of specific importers and exporters is required to effect continual polar flux.
IDENTIFICATION OF THE MAJOR PLAYERS IN PLANT INTERCELLULAR PROTEIN-MEDIATED AUXIN TRANSPORT
Identification of auxin-transport genes was facilitated by a combination of two main approaches: first, the wide availability of Arabidopsis mutants, isolated by forward and reverse genetics, with defective tropisms and stimulus-response coupling and, secondly, the altered sensitivity of these mutants to, or the potential to 'phenocopy' them with, synthetic auxin analogues or auxintransport inhibitors [17] . For example, the agravitropic mutant Arabidopsis aux1 could be rescued with the freely-membranepermeable auxin analogue 1-NAA, suggesting that the mutant was defective in auxin uptake [18] . Alternatively, the mutant PIN (an abbreviation of the mutant allele pin-formed, itself referring to the pin-shaped inflorescences occurring in the mutant plant) was phenocopied by the addition of the auxin-transport inhibitor NPA (naphthylphthalamic acid), leading to the cloning of an auxinefflux carrier [19] .
AUX/LAX (AUXIN PERMEASE/LIKE AUX) FAMILY
The first auxin permease gene, AUX1, was originally cloned a decade ago using a gene-tagging approach [20] . Whole genome sequencing projects have since identified four members in A. thaliana (thale cress) [21] , five in Medicago truncatula (barrel medick) [22] and five in Oryza sativa (rice) [23, 24] . Indeed, in all plant species investigated, there are sequence homologues of A. thaliana AUX1. Studies on Arabidopsis have shown that AUX1 is expressed in protophloem, columella, lateral root cap and expanding epidermal cells at the root apex, where it facilitates acropetal and basipetal auxin redistribution. In contrast, the three closely related genes termed LAX1, LAX2 and LAX3 are predominantly expressed in root and aerial vascular tissues [25] . The AUX/LAX putative auxin importers form a subgroup of the AAAP (amino acid and auxin permease) family identified [26] . Of course, most organisms have amino acid permeases that are members of the AAAP family, but BLAST (Basic Local Alignment Search Tool) comparisons of these and AUX/LAX sequences suggest a very distant relationship [26] . For example, yeasts have at least seven presumed vacuolar amino acid permeases (AVT1-7; TCDB 2.A.18.5) which are less than 15 % identical with AUX1 at the amino acid sequence level. Of interest to auxin-transporter biologists is the yeast mutant yap1-1 (in which the transcriptional activator Yap1 is absent), which shows heightened sensitivity to the effects of IAA on yeast (the compound induces invasive growth [27] ) and shows increased transcription of AVT (γ -aminobutyric acid/glycine vesicular transporter) genes. Although deletion of any of the AVT genes in a yap1-1 background restores wild-type sensitivity to IAA, there is no direct auxin-transport-assay data on individual AVT proteins [27] . Typically AUX/LAX proteins consist of 460-490 amino acids with predicted molecular masses of ∼ 55 kDa. On SDS/PAGE, AUX1 migrates with an anomalously low molecular mass (∼ 45 kDa), which is unaffected by prior treatment with glycosidases, suggesting that there is little or no glycosylation, a finding in agreement with the sequence analysis, which indicated that there are no O-linked glycosylation sites and that the four putative N-linked glycosylation sites are predicted to be intracellular or membrane-embedded [28] . Multiple sequence alignment analysis of the AUX/LAX protein sequences reveals an extremely high degree of conservation over the entirety of the alignment (the majority of AUX/LAX proteins share in excess of 60 % sequence identity), with the only exception being an ∼ 100-amino-acid-long insertion into the fourth predicted intracellular loop of the auxin-influx carrier-like protein 2 of the Momordica charantia (bitter gourd). Transmembrane topology prediction using multiple web-based applications [29] of any of the individual sequences produces data suggestive of between seven and 12 TM (transmembrane) helices. As with many other families of transporter, the shortness of several of the predicted intra-and extra-cellular loops hinders accurate prediction [30] , although consensus analysis of the various predictions suggests the existence of 11 TM spans [28] . The predicted 11-TM topology requires full confirmation, but has received some support from experimental analysis of fusions of AUX1 with yellow fluorescent protein, which demonstrated that there is an odd number of TM spans, with the N-terminus being cytoplasmic [28] . In addition, and in agreement with the topological model, an affinity-tagged neutral amino acid transporter (a distant relative of the amino acid auxin permeases; TCDB 2.A.18.4) was shown to have an odd number (probably 11) TM spans when translated in vitro [31] . We have analysed the periodicity of the predicted TM spans of the multiple aligned AUX/LAX sequences (PERSCAN software analysis [32] ) and this confirms that there is α-helical periodicity in, among other things, residue hydrophobicity and conservation. For example, TM2 has strong α-helical periodicity in residue conservation, indicating that there is a face of the predicted α-helix that is highly conserved (Figure 2) . Similarly, there is high periodicity in residue hydrophobicity, with the hydrophobic face Several of the TM helices of the PIN family have periodicity; TM2, TM6, TM8 and TM10 only are shown for clarity. TM5 and TM7 show no periodicity. In each case the sequence of A. thaliana PIN1 is shown projected on to a helical wheel, with the first amino acid against a pale blue background. Arrow styles are as described in Figure 3 .
of the helix diametrically opposite the conserved face. For TM5, TM7 and TM10 there are also strong predictions of periodicity in residue conservation and hydrophobicity, with the identified faces either approximately shared (TM10) or removed by at least one helical turn (TM5 and TM7) (Figure 2 ). These data are not sufficient to predict a TM packing model for AUX1, and any functional significance awaits further mutational analysis, but it is of interest that three loss-of-function alleles of aux1, namely aux1-111, aux1-2 and aux1-118 [28] , map to the centres of the hydrophilic face of TM5, the conserved face of TM7 and the hydrophilic face of TM10 respectively (residues in bold in Figure 2 ). With 11 predicted TMs it might seem incongruous to ask whether there is any evidence of internal sequence duplication in the AUX/LAX family. However, the ammonium transporters [exemplified by AmtB (ammonia transporter B) from Escherichia coli], which share an 11-TM helix motif and no internal sequence homology, display structural homology between helices 1 and 5 and helices 6 and 10 [33] . We note in this respect that TM5 and TM10 of the AUX/LAX family have hydrophilic faces containing serine residues, the mutation of which is associated with loss-offunction in AUX1 (Figure 2 ).
PIN FAMILY
The second family of putative auxin transporters to be identified was the PIN protein family. PIN1 was almost simultaneously cloned and sequenced as AGR [from the mutant allele agravitropic with a synonymous phenotype; also known as EIR (ethylene-insensitive root) and PIN2], and the two proteins were identified as probable auxin-efflux carriers and likely determinants of polar auxin transport in vascular [19] and root tissue [34] [35] [36] [37] respectively. The extensive sequencing of plant genomes confirms the existence of multiple PIN isoforms in all species analysed, with eight in Arabidopsis [38] and Oryza [23, 24] and ten in Medicago [22] . Localization studies demonstrate specific tissue distributions for several PIN family members. For example, PIN1 is predominantly found in the stele, whereas PIN2 is localized to the lateral root cap and epidermal and cortical cells [38] .
PIN proteins are classified into subfamily 2.A.69 (amino acid/polyamine/choline family of transporters) of the TCDB. Although DNA and protein sequence analysis is sufficient to define the existence of PIN subfamiles [38] , there remains greater than 35 % sequence identity between any pair of PIN proteins from higher plants. Full-length PIN sequences are ∼ 650 amino acids in length and have a predicted molecular mass of 65-70 kDa. The 'denatured' molecular mass by SDS/PAGE is close to 70 kDa [37] , indicating that, for PIN2 at least, there is no substantial glycosylation, in agreement with predictions which would place all but one predicted N-and O-linked glycan sites in intracellular regions. TM topology predictions of PIN proteins are rather more consistent that those for AUX/LAX proteins, with ten spans being the consensus and most strongly predicted topology. If this prediction is correct (and there is no existing evidence to support this topology), then there are two blocks of five TM helices at either terminus, each of which is connected to the next by a short (at most 12 amino acids) inter-helical loop. Separating this '2 × 5' TM motif is a long, presumably intracellular, loop of approx. 300 amino acids. Although there is no internal sequence homology between the two blocks of five predicted TM α-helices, there may well be structural homology between the two halves, as suggested above for the AUX/LAX family. As with AUX/LAX proteins, there is a significant α-helical periodicity to PIN TM sequences (Figure 3 ). PERSCAN analysis [39] identifies all TMs (except TM5 and TM7) as having periodicity in residue conservation and hydrophobicity. TMs 2 and 10 have a face of the helix that is both hydrophobic and conserved, whereas TM6 and TM8 have conserved faces that are distinct from the hydrophobic face. Again, the functional significance of this helical periodicity has not been investigated. Intriguingly, whereas there are no convincing homologues of AUX/LAX proteins in bacteria, there appear to be homologues of PIN proteins. Two small subfamilies of transporters, exemplified by MleP of the Oenococcus oeni [40] and MdcF of Klebsiella pneumoniae [41] (the former of which has some organic-acid-transport activity [40] ) share the ten TM topology and share 20-25 % identity with PIN proteins. However, MdcF and MleP lack the lengthy central hydrophilic domain. This domain is also absent in some plant PIN proteins (e.g. Arabidopsis PIN5) and shows much lower sequence similarity than the TM domains across the PIN family, and we suggest that this domain is involved in regulation via proteinprotein interactions.
MDR/PGP (MULTIDRUG RESISTANCE/P-GLYCOPROTEIN) FAMILY
The third group of membrane proteins implicated in auxin transport comprises members of the ubiquitous ABC (ATP-binding cassette) transporter family. ABC transporter sequences from A. thaliana have been subclassified into a number of distinct clades [42] , broadly in line with the classification of yeast ABCs [43] . The two largest of these subfamilies in Arabidopsis are the MDR-type and the MRP (multidrug-related-protein)-type proteins so named because of their sequence homology with the well characterized broad-substrate-specificity drug pumps from mammalian systems [42, 44] . These subfamily names are potentially misleading, as there are many examples of human ABC transporters that, by sequence homology, are classified as MDR-type ABC transporters (ABCB according to the nomenclature of [44] ), but which play no role in drug transport. Indeed, expression of AtPGP1 (A. thaliana PGP; see below) in human HeLa cells does not result in enhanced transport of fluorescent substrates of human MDR1 (PGP), such as Rhodamine 123 and BODIPY ® (4,4-difluoro-4-bora-3a,4a-diaza-s-indacene)-vinblastine [45] . A similar caveat is appropriate for the MRP-type ABC transporters -the equivalent family in humans (ABCC transporters [44] ) also contains proteins responsible for chloride-ion secretion [46] and regulation of an inwardly rectifying potassium channel [47] .
The first association between auxin transport and ABC proteins was made following a screen for resistance to the anion-channel inhibitor NPPB [5-nitro-2-(3-phenylpropylamino)benzoic acid] [48] . One of the genes, overexpressed in NPPB-treated Brassica napus (oilseed rape) seedlings, was used to identify the Arabidopsis homologue, namely Atmdr1 (the gene nomenclature Atmdr1 is widespread in the literature, but the encoded protein is referred to as both AtMDR11 [42] or AtPGP19). In common with mammalian MDR-type ABC transporters [49] , AtMDR1/ AtMDR11/AtPGP19 and its closest sequence relative, AtPGP1 [42, 50] , are classified as full-length ABC transporters (with 1200-1300 amino acids), comprising two TMDs (TM domains), each of which is followed by a cytoplasmic NBD (nucleotide-binding domain) [51, 52] . Structural studies of prokaryotic and eukaryotic ABC transporter NBDs have revealed that the domain adopts a highly conserved fold [53, 54] , and that co-ordination and subsequent hydrolysis of two ATP molecules by two interlocking NBDs is likely to represent a key conformational transition in the catalytic and transport cycles [55] . Structural data on the binding sites of transported substrates is more limited, but the majority of functional data on MDR-type ABC transporters [49] would support the hypothesis that auxin binds to the TMDs of AtPGPs.
The mutant phenotypes of Atmdr1 and a double mutant (Atmdr1.Atpgp1) are consistent with excess apical auxin, i.e. a failure to transport auxin basipetally from the shoot apex, whereas the Atpgp1 single-mutant phenotype is considerably more subtle [48, 57] . A similar functional role for homologues of AtPGP1 in agronomically important dwarf maize (Zea mays) and Sorghum (sorghum) has recently been proposed [58] . More recently, AtPGP4 (which is localized to the root cap and elongationzone epidermis) has been proposed to be involved in the auxincontrolled growth of lateral roots, although there are contradictions between the presented phenotypic data [59, 60] regarding this effect, probably due to the use of different root growth media.
Among other Arabidopsis ABC transporters, an early study on the role of AtMRP5 in root development and stomatal opening was consistent with an auxin-transporter function [61] , but more recent studies strongly suggest an alternative channel or channelregulatory function for the protein [62] . Additionally, there is a suggestion that a plant peroxisomal ABC transporter, AtPxa1 (AtPmp2 [42] ), is involved in transport of indol-3-ylbutyric acid into the peroxisome, where it undergoes a β-oxidation reaction to IAA [63] . Finally, a recent report identifies a homologue of the yeast pleiotropic drug-resistance subfamily of ABC proteins, namely AtPDR9 (A. thaliana pleiotropic drug resistance 9), as being responsible for 2,4-D resistance [64] .
HETEROLOGOUS EXPRESSION OF AUX/LAX, PINs AND ATMDRs PROVIDES COMPELLING EVIDENCE FOR DIRECT ROLES IN IAA TRANSPORT
Most of the data supporting auxin transport by AUX/LAX, PINs and AtMDRs has, until recently, suffered from a major potential detraction. Studies of mutant plant alleles (or even transport in leaf protoplasts [45] ) are open to other interpretations -for example, the Atmdr1 mutant plant shows clear alterations to auxin transport and auxin concentrations with phenotypic consequences, but it is well established that there are mammalian ABC proteins which are regulators of the activity of other proteins, rather than directly transporting themselves [65] . Such a caveat is noted by the authors of Atmdr1 studies [48, 66] . Thus heterologous transport studies have been seen as necessary to rule out indirect effects. This requirement has led to the ambiguous label 'putative auxin permeases' and 'auxin transport facilitators' being applied to AUX1, PINs and AtPGPs.
Recently, however, a series of transport studies undertaken using heterologous expression of AUX/LAXs, PINs and AtPGPs in yeast, mammalian cells and microinjected Xenopus (SouthAfrican clawed frog) oocytes have provided concrete evidence that these proteins are all direct mediators of auxin transport. This shedding of the unwanted 'putative' tag now enables detailed characterization of the kinetics of auxin transport.
AUX/LAX TRANSPORT DATA
The most comprehensive analysis of a 'putative' auxin transporter has been provided from studies on Xenopus oocytes injected with transcripts encoding AUX1 [67] . Since the expression of proteins in single oocytes is undetectable by Western blotting, the Nielsen group microinjected RNA encoding EYFP (enhanced yellow fluorescent protein)-tagged AUX1, which is known to be able to rescue a mutant aux1 phenotype in plants [25] . EYFP-AUX1 was localized by confocal microscopy to the plasma membrane of oocytes [although correct targeting took 6 days compared with 2-3 days for many other transporters expressed in this system -an observation which may be of relevance, given the demonstrated dependence of AUX1 trafficking on AXR4 (auxin-resistant 4) described below], and uptake of IAA was demonstrated to be both pH-and IAA-concentration-dependent. The pH profile was consistent with a significant rate of diffusion of IAA (presumably as IAAH) below pH 5.5, but that, between pH 5.5 and pH 6.5, the net increase in IAA uptake (AUX1 injected versus uninjected controls) was most marked, in agreement with the pH optimum for active auxin uptake suggested 30 years ago [15] . At pH 6.4 (at which value over 95 % of IAA will exist in the protonated form and thus diffusion will be highly restricted) the K m for IAA uptake was 800 nM, a value again consistent with earlier estimates for plant cells grown in suspension [15] . A number of excellent controls ensure that the observed uptake of [ 3 H]IAA is AUX1-mediated. In particular, the authors demonstrated that three missense alleles of aux1, which in plants produce an agravitropic phenotype consistent with AUX1 misfunction [28] , have an auxin-influx capacity which is either indistinguishable from that of the controls or is severely abrogated [67] . Importantly, all three mutant isoforms of AUX1 reached the plasma membrane, substantiating the notion that these alleles represent loss of function, rather than proteins with targeting defects. As the three point mutations are in predicted extracellular loops, it remains open to question how they affect AUX1 function [28] . Transport of [ 3 H]IAA into oocytes was inhibited by unlabelled IAA and by 2,4-D, as well as by the auxin import inhibitors 1-and 2-napthoxyacetic acid [17, 68] , whereas addition of the auxin-efflux substrate 1-NAA and the auxin-efflux inhibitors NPA and 2,3,5-tri-iodobenzoic acid was without effect [67] , suggesting that the substrate specificity of auxin transport through AUX1 is not dependent upon interactions with other membrane proteins. As discussed below, the same may not be true for PINs and AtMDR/ PGP proteins.
PIN TRANSPORT DATA
Initial characterization of PIN2/AGR1/EIR1 expressed in baker's yeast (Saccharomyces cerevisiae) showed a small increase (15 %) in IAA efflux from cells pre-loaded at pH 4.6 (a value at which 50 % of IAA would exist in the uncharged IAAH form), when compared with the control (antisense PIN2) transformants. In addition, PIN2-transformed yeast was slightly more resistant to the toxic 5-fluoro-IAA, although this difference does not appear to be statistically significant [36] . A similar conclusion, based upon a disc assay test (rather than a radiolabelled transport assay), was obtained with PIN2 expressed in a strain of S. cerevisiae, which has enhanced susceptibility to fluorinated indoles [34] .
A more detailed analysis of PIN-mediated auxin efflux has come recently with studies of multiple PIN proteins in several different cell lines [69] . The use of easily disrupted Arabidopsis cultured cells, more robust tobacco (Nicotiana tabacum) BY-2 cells [70] , human HeLa cells and yeast were all required to provide convincing evidence that the export of auxins (typically measured by accumulation of [ 3 H]auxins in the presence and absence of the auxin-efflux inhibitor NPA) was PIN-specific. High background efflux of auxins (due to endogenous proteins) was observed in both plant cell lines and in human HeLa cells [69] . The results obtained were consistent with PIN1, PIN2, PIN4, PIN6 and PIN7 being able to transport IAA, and the analogues 1-NAA and 2,4-D, which would be consistent with PIN in planta function. Reduced retention of 1-NAA by PIN3 has also been briefly examined in BY-2 cells as a surrogate marker for auxin efflux [71] . Of the non-plant expression systems employed [69] , the sensitivity of transport assays seems much better in yeast cells than in HeLa cells, which may be a reflection of the yeast strain employed (JK93da; see below). However, the observed export of benzoic acid by PIN2 in yeast (and not HeLa cells) suggests that the substrate specificity in some heterologous expression systems may present inaccurately, as observed with AtMDRs ( [69] and see below). Finally, the kinetics of export, revealed by wash-out experiments on yeast or tobacco BY-2 cells, show that efflux is rapid but saturable [69] . Despite these advances there are no data presented for the K m and V max of transport, and only limited data are presented for a non-functional mutant PIN2 isoform [69] , in contrast with studies on AUX1 [67] .
MDR/PGP TRANSPORT DATA
Initial studies on AtMDR11/AtPGP19 expressed in a S. cerevisiae strain deficient in several potential interfering ABC transporters (yeast PDR pumps; strain JK93da [72] ) were unable to demonstrate auxin efflux [48] , although there was increased binding of the auxin-transport inhibitor NPA to yeast cells, and both AtMDR11/AtPGP19 and AtPGP1 could be identified from NPA affinity chromatography of Arabidopsis plasma membranes [48] . In contrast, recent expression of the same protein in transformed tobacco BY-2 cells [69] and in vacciniavirus-infected HeLa cells [73] has been shown to confer a reduced accumulation of [ 3 H]NAA and [ 3 H]IAA respectively in comparison with control cells. The difference between these findings and results obtained for yeast presumably lies in the altered targeting of the expressed protein in the cell lines. The close sequence homologue AtPGP1 has been shown to confer IAA-transport activity in yeast (S. cerevisiae JK93da) and reduced sensitivity to the IAA-sensitive strain yap1-1 [27, 45] , despite its much weaker phenotype in mutant plants. Confocal microscopy confirmed the plasma-membrane targeting of AtPGP1 in strain JK93da, and loading and efflux experiments at pH 4.6 showed evidence of greater IAA export in yeast transformed with AtPGP1 compared with untransformed controls [45] . Again there is no determination of Michaelis-Menten parameters for the AtMDRs, with much of the data being obtained from single IAA concentrations. Additionally, the substrate specificity of transport was unexpectedly broad (consistent with observations on AtPGP19 [69, 73] ), with a weak organic acid, benzoic acid, also showing enhanced transport in transformed cells [45] -in apparent contrast with previously obtained results showing failure of benzoic acid to prevent auxin binding to yeast expressing AtMDR11/AtPGP19 [48] . The same study presents additional data on AtPGP1 transfected into human HeLa cells, using vaccinia virus [45] , with evidence that [ 3 H]IAA is effluxed from expressing cells, which is partially inhibited by unlabelled IAA.
Interestingly, the inhibitor profile of AtPGP1-mediated auxin efflux was investigated by these authors. IAA efflux from JK93da yeast cells was inhibited by typical modulators of mammalian MDR pumps, including cyclosporin A and verapamil [74, 75] , yet AtPGP1 expressed in human HeLa cells did not transport typical MDR substrates such as Rhodamine 123 and vinblastine [45, 76, 77] . If AtPGP1 and AtPGP19 are acting as auxin-efflux carriers, then it is possible that substrate specificity is modulated by other proteins or the lipid environment. Alternatively, the relatively broad substrate specificity of human PGP [49] and other members of the human ABCB subfamily (e.g. [78] ) leads to the suggestion that AtPGPs may be able to transport chemically distinct compounds such as benzoic acid. Further studies to determine the precise substrate specificity of AtPGP1/19 are required.
Transport of IAA by AtPGP4 has been investigated by two groups [59, 60] . The latter group employed human Hela cells (essentially as described in [45] ), whereas the former study employed the S. cerevisiae strains JK93da [72] and yap1-1 [27] . In JK93da yeast, expression of AtPGP4 increased sensitivity to 5-fluoro-IAA compared with control cells. Similar results were obtained with yap1-1 (which is sensitive to IAA) with hypersensitivity to IAA shown by AtPGP4 transformants. Both these findings argue for an import of IAA catalysed by AtPGP4 [59, 60] .
This would make AtPGP4 virtually unique amongst eukaryotic ABC transporters -although the one other published exception, MDR1 from Coptis japonica (Japanese goldthread), is a close sequence homologue of AtPGP4 [79] . However, the high degree of sequence similarity between AtPGP4 and the established export pump, human PGP (46 % sequence identity over the entire length of the proteins), is difficult to reconcile with these findings.
The study by Terasaka's group [60] also attempted to show transport substrate (i.e. IAA) binding to AtPGP4 via an indirect assay, namely the ability of transport substrate to increase 'vanadate-trapping' of ABC transporters. For several ABC proteins it has been demonstrated that incubation of protein (e.g. in membranes) with enzymatic substrate (ATP) and vanadate traps the protein in a post-hydrolytic conformation in which ADP·vanadate is stably bound by the NBDs [80, 81] . If photoactive 8-azido-[
32 P]ATP is substituted for ATP, then exposure of trapped protein to UV light results in cross-linking of ATP to protein and subsequent identification. Relying on the premise that transported substrates accelerate the rate of hydrolysis in ABC transporters (reviewed by [55] ), it has been shown that transport substrates can also increase the extent of vanadate trapping [82] . For AtPGP4 there was increased vanadate trapping in the presence of IAA and NAA, but not other auxins, including 2,4-D [60] . However, direct drug-binding studies (which have been performed on numerous other ABC proteins [76, 83, 84] ) have yet to be performed on any AtMDR, precluding definitive identification of substrate specificity.
CONTROL OF AUXIN-TRANSPORTER POLARITY AND FUNCTION
Recent investigations have identified several key mediators in the post-translational trafficking of auxin transporters. The auxin influx carrier AUX1 requires the AXR4 protein for correct subcellular localization [85] . AXR4 encodes a novel ER (endoplasmic reticulum)-localized protein [85] . Mutations in the AXR4 gene cause AUX1 to be retained in the ER of selected root tissues, resulting in the axr4 mutant displaying an aux1-like phenotype. It is currently unclear whether AXR4 directly interacts with AUX1 in the ER, where it may be required during the assembly of the multispan transporter. Alternatively, AXR4 may facilitate the trafficking of AUX1 [86] . Elucidation of AXR4 function awaits further experimentation.
Trafficking of selected PIN proteins has been demonstrated to be dependent on the GNOM protein [87] . The GNOM gene encodes a GDP/GTP exchange factor for small G-proteins of the ARF class {ARF-GEF (ARF-guanine nucleotide-exchange factor); [88, 89] }. ARF-GEFs regulate cargo-selective vesicular trafficking [90] . GNOM is localized in endosomes [91] , where the ARF-GEF facilitates the continuous recycling of PIN1 to the basal plasma membrane of plant cells [92] , thereby underpinning polar auxin transport. Intriguingly, auxin itself appears to be a regulator of this constitutive recycling process, providing a feedback regulation mechanism for auxin efflux [93] . A recent article [94] additionally demonstrates that PIN2 is recycled through a endosomal compartment that is regulated by AtSNX1 and is distinct from the GNOM-regulated endosomal compartment. The basal polarity of PIN1 localization can be reversed by overexpressing the serine/threonine kinase protein PINOID [95] , and there is some evidence that this may also affect PIN activity [71] . However, the substrate for PINOID phosphorylation and putative phosphatase enzymes remain to be identified.
The auxin-efflux carriers AtMDR1/PGP19 and AtMDR11/ PGP1 interact with the immunophilin-like TWD1 (twisted dwarf 1) protein [96] . The phenotypes of the twd1 and atpgp1/ atpgp19 mutants are very similar, suggesting that TWD1 regulates AtMDR1/PGP19 and AtMDR11/PGP1 function. TWD1 is unlikely to facilitate protein folding and/or trafficking, since the subcellular distribution of AtMDR11/PGP1 is comparable between wild-type and twd1-1 [96] . Instead, the plasmamembrane-localized TWD1 protein appears to directly regulate AtMDR1/PGP19 and AtMDR11/PGP1 auxin-transport function at the cell surface, a proposition which has been very recently confirmed [73] . The N-terminal domain of TWD1 has been shown to directly interact with C-terminal nucleotide-binding fold of AtMDR1/PGP19 and AtMDR11/PGP1 [96] , suggesting that TWD1 regulates ATP binding and hydrolysis. Interestingly, the auxin-transport inhibitor NPA disrupts all TWD1-AtPGP interactions [96] , highlighting the functional importance of this complex.
Knowledge about accessory proteins such as TWD1 and AXR4 is likely to be very important for heterologous expression studies. The failure to detect auxin-transport activity when expressing AtMDR1/PGP19 in yeast [48] could reflect a requirement for TWD1 to be co-expressed. Similarly, AUX1 took 6 days to accumulate in the plasma membrane when expressed in the Xenopus oocyte system [67] , compared with other plant proteins, which normally take only 2 days, suggesting that AUX1 assembly was inefficient. AUX1 and AXR4 co-expression studies in Xenopus will reveal whether this is indeed the case.
CONCLUDING REMARKS
The past few years have seen significant strides forward in our attempts to describe the molecular basis and the regulation of the chemiosmotic polar transport of auxin (Figure 4 ). However, we do still have little mechanistic understanding of the various auxin transporters. We may be able to draw parallels from studies on related transport families. For example, detailed studies on ABC transporters, in terms of substrate recognition [49] , transport mechanism [55] and structure [97] , will surely guide future research on AtPGP proteins. Indeed, it remains possible that membrane-protein global-expression and crystallization projects will provide structural data for AUX/LAX and PIN relatives in advance of a full functional understanding of these proteins. Much intense research ahead also lies in the regulation of auxin-transport proteins. We need to identify any further auxiliary proteins which may either directly regulate auxin-transporter function or which may facilitate protein trafficking. The mechanism of these interactions also require elucidation, and potential parallels may emerge with studies of yeast amino acid permeases, which require the presence of an accessory protein to avoid inappropriate interactions during translation and insertion into the ER membrane [98] . The precise role of ABC transporters in auxin efflux (and influx?) remains to be established. That AtPGPs function as auxin transporters seems assured, but are their properties modified through interactions with PINs [66] (and perhaps with AUX/LAX proteins)? Examples of mammalian ABC transporters involved in complexes which are required for both protein targeting and for protein function have been described [99] , and co-expression studies may be able to reveal whether the same is true for AtPGP proteins. Clearly an additional impetus is now to find structure-function relationships for the auxintransport proteins. Only one significant allelic series exists for an auxin-transport protein, namely for AUX1 [28] , and very few mutant PINs and auxin-transporting ABC proteins have been described [64, 69] . The existence of convincing heterologousexpression-system transport data now permits expansion into this area, with the promise of providing a kinetic description of
Figure 4 Function and regulation of auxin-transport proteins
Auxin enters the cell primarily through carrier-mediated influx via AUX1 (blue cylinder) as the anionic form, with a small diffusional contribution of the uncharged species (broken line). Auxin efflux is mediated via PIN proteins (green cylinders) with some contribution from AtPGP1/19 (red), possibly via direct protein-protein interactions. AUX1 regulation by the ER protein AXR4 (light-blue box) is shown as affecting the trafficking of AUX1 to the plasma membrane (dotted blue arrow). PIN polarity controlled by PINOID (yellow box) and an unconfirmed phosphatase are depicted by green arrows, whereas the endosomal cycling of PIN1 and PIN2 is shown schematically by the intracellular vesicle. AtPGP1/19 interactions with TWD (pink box) and the putative import of IAA through AtPGP4 (orange) are also depicted. The overall direction of polar auxin transport is shown by the large arrow to the right-hand side.
transport. Understanding the kinetics of the auxin transporters will make a great contribution to attempts to mathematically model auxin transport and distribution [100] , with concomitant insights into plant regulation.
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